Abstract-The environmental risk assessment of metals in the soil compartment is based mainly on tests performed in Organization for Economic Cooperation and Development (OECD) artificial soil, but ecologically, the use of natural soils would be more relevant. In this contribution, the reproduction and growth of three standard species (an earthworm, a collembolan, and a dicotyledonous plant, respectively) was evaluated in nine natural soils (covering a wide range of pH values, organic matter content, texture, and so on) and in OECD artificial soil. Afterward, the effects of the model chemical zinc nitrate were assessed in all soils that were identified as being suitable for these species. The test results indicate that the toxicity of zinc nitrate can be higher by a factor of approximately four compared to artificial soil for invertebrates (earthworms and collembolans), whereas plants are only slightly more sensitive in some natural soils than in artificial soil. When comparing the different endpoints, it could be confirmed that the median effective concentration (EC50) is the most robust compared to the highly uncertain 10% effective concentration. Decreasing toxicity of zinc nitrate to collembolans was significantly correlated with an increase in soil pH but not with cation exchange capacity (CEC) or organic carbon (OC) content. No significant correlation was found between the toxicity of zinc nitrate to earthworms or plants and soil pH, CEC, or OC content. Possible consequences of the results are discussed, such as the testing of natural soils in addition to the OECD artificial soil or the inclusion of an additional safety factor to use the EC50 in current risk assessment schemes focusing on no-observed-effect concentrations.
INTRODUCTION
Currently, the environmental risk assessment of metals in the soil compartment is based mainly on ecotoxicological tests performed in artificial soil; a mixture of sand, clay, peat, and water was proposed as a standard substrate in 1984 [1] . The use of this artificial soil clearly has many advantages, particularly in terms of practicability and comparability of results (for a detailed discussion of its pros and cons, see Løkke et al. [2] ). One indication of its suitability is that today, despite being developed for earthworms, it also is recommended for tests with collembolans [3] and enchytraeids [4] and for the newly developed test with predatory mites (C. Kula, German Federal Office for Consumer Protection and Food Safety, Brunswick, Germany, personal communication). For an even wider range of soil invertebrates, it has been shown that reproducible testing is possible using Organization for Economic Cooperation and Development (OECD) artificial soil [5] . It also is one option in a chronic plant test [6] . Recently, even a version adapted for tropical regions has been developed [7] .
Additionally, however, its properties have been shown to differ clearly from those of natural soils. Besides problems with varying properties of the required organic matter (OM; peat), the three main differences to many soils of temperate regions are the use of a rare clay mineral (kaolin) instead of more typical 2:1 clays; the lack of aluminum, iron, and man-ganese oxides (which can strongly influence the bioavailability of metals in soils); and the high content (10%) of peat in the mixture [8] . In particular, the latter point often is criticized, both because this high amount clearly can decrease the availability of metals and because it is higher than in natural soils (particularly those from grasslands and crop sites). In fact, this peat content was chosen by the OECD [1] to suit the (assumed) ecological requirements of the selected test species, the compost worm Eisenia fetida. Later, it was realized that this species can be tested easily in many natural soils [5, 9] . Therefore, from an ecological point of view, the use of natural soils in ecotoxicological tests with soil invertebrates is recommended [10, 11] .
Before using natural soils in such tests, the behavior (i.e., their tolerance limits) of the common test species in uncontaminated soils must be known. Some work has been done with selected natural soils, particularly the German standard soil LUFA (Landwirtschaftliche Untersuchungs und Forschungsanstalt Speyer) St. 2.2 [5, 12] , but to our knowledge, no comprehensive evaluation has been made so far. In fact, not only can the behavior of the test species be affected by various soil properties, the fate and, especially, the bioavailability of metals to be tested are influenced as well. For example, already in the early and mid-1990s, it was known that pH and, to a lesser degree, OM and cation exchange capacity (CEC) of the test soils determine the toxicity and bioaccumulation of metals to soil invertebrates [13] . In the meantime, the interactions between natural soil properties and the bioavailability of metals for soil invertebrates became much more elaborated [14] [15] [16] . The relationship between a certain metal, soil, and test species is so complex, however, that general predictions of the resulting toxicity are still difficult. In addition, requirements for performing ecotoxicological tests under site-specific conditions have been discussed intensively in Europe [17] [18] [19] , meaning that more experience is needed regarding the use of natural soils in ecotoxicological testing.
To improve the applicability of ecotoxicological tests with soil invertebrates and plants, the German Federal Ministry of Education and Research initiated a joint-research project in early 2002 (Project 03303000) in which (among other aims) the influence of natural soils on the results of three chronic tests with earthworms, collembolans, and dicotyledonous plants had to be evaluated. In the present contribution, the results of the following investigations are summarized: First, reproduction of the earthworm Eisenia andrei and the collembolan Folsomia candida and growth of the plant Brassica rapa in 10 soils (covering a wide range of soil properties, e.g., pH, OM content, texture, etc.) were studied to determine their tolerance limits. Second, the effects of the model chemical zinc nitrate were assessed in those soils (of the initial 10 soils) that were identified as being suitable for the respective species (i.e., in which the validity criteria were fulfilled). Zinc was chosen because it is an essential substance for which relatively many ecotoxicological data are available in the literature [16] .
The information on the influence of soil properties on the toxicity of zinc nitrate may be used to improve the risk assessment of this metal for the environmental soil compartment. It is expected that the experiences with the performance of standard tests in natural soils gained here will facilitate the environmental risk assessment of other metals as well as that of chemicals in general.
MATERIAL AND METHODS

Test soils
The OECD artificial soil [1] and nine natural soils were selected, with the latter choices based on their compliance with two approaches recently developed to identify soils being representative for Central Europe and Germany: The Soil Biological Site Classification [20] , and the Reference Soils [21] concepts. Soil samples from the respective sites were taken throughout the years 2002 and 2003. If necessary for sieving (mesh size, 5 mm), the samples were slightly air-dried. Afterward, they were stored in 25-L plastic buckets, usually at room temperature, for not longer than three months. In the earthworm and collembolan tests, they were moistened to 40 to 60% of the maximum water-holding capacity (WHC max ). Because of wick watering in the plant tests, the soils were always saturated to 100% WHC max . One of the selected soils, the LUFA 2.2 standard soil (St 2.2) is already used widely in soil ecotoxicology [5] . To compare the results gained with these soils, the same tests also were performed with the standard artificial soil [1] . The main properties of the soils as shown in Table 1 were determined by the Free University of Berlin, Berlin, Germany [22] .
Test organisms
The earthworms used in these tests, E. andrei (Lumbricidae), were taken from a breeding culture kept at ECT Oekotoxikologie (Germany) since 1994. Only adult worms (with clitellum) with a fresh weight between 300 and 600 mg were used. The worms were at least 2 months but not more than 1 year of age, and the age of individuals did not differ by more than four weeks. Animals fulfilling these requirements were bred in a separate synchronization culture in a mixture of artificial soil and food (1-30 vol-%) at 15 to 30ЊC and continuous dark. The worms selected for the test were acclimatized in the respective soil under test conditions for at least 24 h before starting the test.
The springtails used in these tests, F. candida (Isotomidae, Collembola), have been kept at ECT Oekotoxikologie since August 1999. The collembolans were juvenile with an age of 10 to 12 d; that is, they also were taken from a synchronized culture. They were bred on a mixture of plaster of Paris and activated charcoal (11:1 mass ratio). Plastic vessels (200 ml) were filled with this mixture up to a height of 1 cm and were moistened with deionized water. The vessels, closed with a plastic lid, were aerated regularly and kept at a temperature of 16 to 24ЊC and continuous dark. Once to twice per week, the collembolans were fed with baker's yeast.
The dicotyledonous plants used in these tests were a rapid cycling variety of turnip rape (B. rapa CrGC syn. Rbr) that was delivered by Carolina Biological Supply (Burlington, NC, USA). This variety was selected because of its short life cycle of only 35 d [23] .
Test performance
In the chronic earthworm tests according to the International Organization for Standardization (ISO) Guideline 11268-2 [24] , 10 worms in each of the four replicates were exposed to zinc nitrate in the test soil for 28 d. Five concentrations of zinc nitrate were selected according to literature data [25] : 181, 362, 725, 1,449, and 2,898 mg/kg dry-weight soil, corresponding to zinc concentrations of 63, 125, 250, 500, and 1,000 mg/kg dry-weight soil. After the 28-d exposure, the adult worms were removed, and the cocoons and hatched juveniles produced by these animals were kept for another 28 d in the treated test soils. At the end of the test period (i.e., after 56 d), the juvenile worms were heat-expelled from the soil by placing the test vessels in a water bath of 60ЊC. Mortality, biomass, and morphological or behavioral changes of the adult worms were recorded after 28 d and the number of juvenile earthworms after 56 d. All tests were performed at 18 to 22ЊC and 400 to 800 lux (16:8-h light:dark photoperiod). The validity criteria as defined in the guideline are as follows: Adult mortality Յ 10%, number of juveniles Ն 30 per test vessel, and coefficient of variance Ͻ 30%. Significant effects on reproduction were found at a concentration of 3 to 5 mg active substance (a.s.)/kg dry-weight soil in tests with the reference substance carbendazim. In total, nine tests were performed (one per test soil).
In the chronic collembolan tests according to ISO Guideline 11269 [3] , 10 springtails in each of the five replicates were exposed to zinc nitrate in the test soil for 28 d at 18 to 22ЊC and 400 to 800 lux (16:8-h light:dark photoperiod). Five concentrations of zinc nitrate were selected according to the results of range-finding tests: 181, 362, 725, 1,449, and 2,898 mg/kg dry-weight soil, corresponding to zinc concentrations of 63, 125, 250, 500, and 1,000 mg/kg dry-weight soil. Mortality of the introduced springtails and reproduction (i.e., number of juveniles) were determined at the end of the test. The validity criteria as defined in the guideline are as follows: Adult mortality Ͻ 20%, number of juveniles Ͼ 100 per test vessel, and coefficient of variance Ͻ 30%. Significant effects on reproduction were found at a Betosip (Stähler Agrochemie, Stade, Germany) concentration of 150 mg/kg dry-weight soil (equivalent to a phenmedipham concentration of 23.4 mg a.s./kg drywt soil) in tests with the reference substance. In total, 10 tests were performed (one per test soil).
In the chronic plant test according to ISO Guideline 22030 [26] , 10 uniform, undressed (i.e., not treated with a fungicide) seeds in each of the four replicates were exposed to zinc nitrate in the test soil for 35 d at 20 to 26ЊC and 11,000 to 15,000 lux (16:8-h light:dark photoperiod). Five concentrations of zinc nitrate were selected according to range-finding tests: 72, 215, 644, 1,931, and 5,792 mg/kg dry-weight soil, corresponding to zinc concentrations of 25, 74, 222, 667, and 2,000 mg/ kg dry-weight soil. Approximately two weeks after the start of the test, the flowers were pollinated manually. Twenty-five milliliters of commercial nutrient solution (Substral; Scotts Celaflor, Ingelheim, Germany) mixed with demineralized water was used to moisten the soil permanently via wicks connecting the test vessels with a water reservoir. Because of the results of additional tests not reported here, it was decided to add nutrients in all tests to avoid an effect of the different nutrient status of the 10 test soils. Visual inspection of plants was done regularly. Half the plants per pot were harvested after 14 d, and the number of plants was reduced to a maximum of four per test vessel. The remaining plants were harvested 35 d after starting the test. At both dates, their fresh weight was determined. In addition, the number of living plants and the fresh weight of the seed pots were recorded at the end of the test. Shoot length also was determined, but because the results did not differ from the biomass data, they are not reported here. The validity criteria as defined in the guideline are as follows: Emergence rate Ն 75% in the control plants, start of flowering after 21 d, and mortality Ͻ 1 plant/pot. In total, eight tests were performed (one per test soil).
Test chemical
Zinc nitrate-tetrahydrate (Zn(NO 3 ) 2 ϫ 4H 2 O) with a molar mass of 261.44 g/mol was obtained from Merck (Darmstadt, Germany; Chemical Abstracts Service no. 19154-63-3). An aqueous solution of the test substance was mixed into the soils. Each treatment (i.e., concentration) was set up separately.
In addition to the treatments with zinc nitrate-tetrahydrate, five control vessels were spiked with nitrate at 1,900 mg/kg dry-weight soil (as potassium nitrate) in the earthworm and collembolan tests and 3,792 mg/kg dry-weight soil in the plant test. These concentrations were equivalent to the nitrate concentration when testing the highest zinc nitrate concentration.
Data assessment
The statistical calculations for all tests were performed with the program Toxrat, Version 2.09 [27] . For the calculation of the no-observed-effect concentration (NOEC; reproduction, plant fresh wt), data were checked for normality (R/S test, Kolmogorov-Smirnov test) and for variance homogeneity (Cochran's test). Depending on the results, either the Welch t test for inhomogeneous variances with Bonferroni adjustment, the Williams t test (monotonous dose-response), or Dunnett's t test (nonmonotonous dose-response) were used [28] . In case the data were not distributed normally, the Mann-Whitney U test (significance level corrected for multiple comparisons) was applied. The significance level for the parametric tests (onesided) was p Յ 0.05. For the calculation of the 10% effective concentration (EC10) and the median effective concentration (EC50; reproduction, plant fresh wt), a linear regression was performed via probit analysis.
As an indicator of the power of the hypothesis tests, the minimum detectable difference (MDD) in percentage of the control value was calculated for the NOECs. For EC50s, the 95% confidence limits were determined as far as possible. To investigate the precision and robustness of the different endpoints and compare the results of the three test systems used (earthworms, collembolans, and plants), the arithmetic means with standard deviation and the coefficient of variation (CV) as a percentage were calculated. Variance of the results also is presented by the minimum and maximum values and the factor between the minimum and maximum value. With respect to the distribution of the single values in addition to the arithmetic mean, the geometric mean was calculated to compare the endpoints.
To investigate the relationship between different soil properties and zinc toxicity, linear regression and correlation analysis was performed using the statistical package SPSS 7.5 for Windows [29] .
RESULTS
Validity of the tests
The reproduction rate (earthworms and collembolans) and growth (plants) of the three test species in 10 uncontaminated Table 1 . Table 1 . An asterisk indicates that because of low pH, no test was performed. Table 1 .
(control) soils are presented in Figures 1 to 3 . The performance of the test organisms was influenced by the different soil properties.
The validity criteria as given above were fulfilled in all cases except for the earthworm and plant tests with ESo5 (Euro-soil 5) soil and the plant test with BWZ (Weitzgrund) soil, probably because of the low pH of these soils (3.1 and 3.8, respectively) [30] . In the earthworm test with ESo5 soil, the number of juveniles did not exceed 30 in all test vessels. In the chronic plant test, plants grew very little in BWZ soil. From this experience, and because ESo5 soil had an even lower pH than BWZ, it was decided not to perform a test in this soil.
Test endpoints
Only chronic endpoints are reported (NOECs, EC10s, and EC50s for effects on the reproduction of earthworms and collembolans and on the fresh wt of plants), because they clearly were more sensitive than effects on mortality. Median lethal concentrations usually were at least a factor of two higher than the respective EC50s. The test results are summarized in Tables  2 through 4 . In two plant tests, the NOEC was lower than the lowest concentration tested, primarily because of a high biomass in the respective control.
When comparing the NOECs, EC10s, and EC50s determined in the 27 tests performed, it was found that in 19 cases, the former clearly were lower than the latter. In six earthworm tests and in one test each with collembolans and plants, the NOEC and EC50 were less than a factor of two apart. The NOECs and EC10s were similar (i.e., at most a factor of two apart) except for one soil each with collembolans (Breddewarden [BRG] ) and plants (Raddusch [GGI]), for which the EC10 was approximately a factor of three lower than the NOEC (Tables 2-4 ). The mean of the MDD was 29, 21, and 25% for earthworms, collembolans, and plants, respectively. With the exception of the plant tests, the CV was smallest for the EC50.
Comparison between the different soils per test
Based on the NOECs, the effect differed in the 10 soils by a factor of eight for earthworms, four for collembolans, and nine for plants. The factors based on EC50s are similar: Five for earthworms and collembolans, and nine for plants. Using the EC10s, the factors clearly were higher: 11 for earthworms and collembolans, and 46 for plants (Tables 2-4) .
The test results with OECD artificial soil are within the range of the results with the natural soils (Tables 2-4 ). In the case of the earthworm and collembolan tests with OECD artificial soil, a relatively low toxicity was observed (i.e., EC50s were higher than the mean of the nine natural soils), whereas this clearly was not the case in the plant tests. For both invertebrate species, the lowest NOEC, EC10, or EC50 of the tests with the nine natural soils was lower than the respective value in the OECD artificial soil by a factor of four to nine. For plants, the difference is, in part, smaller (factor of two using EC50s) and, in part, just the opposite: Using NOECs, the value for the OECD artificial soil is not higher than the lowest NOEC found in a natural soil (with the exception of those soils in which no NOEC could be determined). In addition, it should be noted that no difference was found between the NOECs in OECD artificial soil and St 2.2 soil (a natural soil that often is used as a natural standard soil) for all three test species.
Relationship between soil properties and test results
The test results (measured as EC50s) were compared to those soil properties considered to influence the availability of the test metal, namely pH, OC content, and CEC. In the case of earthworms, the correlation between test results and the three soil properties was weak and never significant ( p Ͼ 0.05) (Fig. 4) . A different picture became visible for the collembolans: Here, we found a highly significant correlation between increasing soil pH and decreasing toxicity, whereas we found only a very weak and not significant correlation for the CEC and none at all for the OC content (Fig. 5) . Finally, increasing pH as well as CEC showed a weak but not significant correlation with decreasing toxicity in the tests with B. rapa (Fig.  6 ), whereas no correlation at all was found with OC content of the tested soils.
Comparison between the three species
Based on NOECs in five of the eight soils that could be tested with all three species, plants were the most sensitive species, followed by collembolans (two soils), and in one case, Improving soil tests with earthworms, springtails, plants Environ. Toxicol. Chem. 25, 2006 781 collembolans and earthworms were equally sensitive. On the other hand, only in the SHA (Schafstädt) soil was the highest value found with plants, whereas in all other cases, the highest NOEC was found with earthworms (alone or together with collembolans). In the eight tests with all three species, the NOECs differed by a factor of two to four in three soils (GGI, Frankfurt-Harheim [HAG], and SHA), whereas in the remaining five soils, the NOECs differed by a factor of eight to more than 20 ( Table 5 ). The MDD was 11 to 46% in all tests, with similar means for all three test systems (21-29%) (Tables 2-4 ). The CV and the factor between the lowest and highest NOECs was highest in the plant tests (94%, factor of nine) compared to the earthworms (57%, factor of eight) and collembolans (62%, factor of four).
Based on the effective concentrations, the overall picture is very similar: In six and seven out of eight tests, the plants were the most sensitive group based on EC10s and EC50s, respectively. Considering the EC10, earthworms, collembolans, and plants were the least sensitive group in five, two, and one soil, respectively, and considering the EC50, earthworms and collembolans were the least sensitive group in four soils each. The sensitivity between the three species differed by a factor of two to seven and of two to three for the EC10 and EC50, respectively, in three soils (HAG, Schmallenberg [SBG] , and SHA), whereas in the remaining five soils, the EC10s and EC50s differed by a factor of 12 to 64 and of five to nine, respectively (Table 5) . Again, indicators for the variance of the test results (CV and the factor between the lowest and highest values for EC10 and EC50) were higher for the plant tests compared to collembolans and earthworms. The latter revealed the lowest CVs and factors for the EC10 and EC50.
On average, the sensitivity between the three species varied by a factor of approximately 9, 20, and 5 for NOECs, EC10s, and EC50s, respectively (Table 5 ). Looking at the minima and maxima of NOECs, EC10s, and EC50s, the three species cover an overall range of 72 to 1,490, 20 to 1,289, and 203 to 2,065 mg Zn(NO 3 )2/kg dry-weight soil, respectively. Based on the mean values of NOEC, EC10, and EC50 for all natural soils, the sensitivity of the tests species increases from earthworms (least sensitive) to plants (most sensitive).
DISCUSSION
Natural heterogeneity of soils and risk assessment
From a methodological point of view, the problem of how to improve the risk assessment of metals in soil can be approached in different ways. Independent of whether these chemicals are assessed progressively (i.e., as part of a registration or notification process of an individual substance) or retrospectively (i.e., when a potentially contaminated soil has to be evaluated site-specifically), the natural heterogeneity of soils must be taken into consideration. Unfortunately, soil properties differ on different scales. This means that the 10 soils used here can be considered as representative for a wide range of agricultural and forest soils of temperate regions (at least in Europe), but soils of neither Mediterranean nor arctic areas are covered (a deficiency already acknowledged in the case of leaching tests [31] ). Therefore, similar studies should be performed for other regions and other land-use forms (for metals, the use of soils with a lower pH than currently used artificial or standard soils [5.5-6.5 ] is recommended in particular). In this context, approaches like the Euro-soil concept may be helpful [32, 33] . In addition, it must be asked how many natural soils have to be used in ecotoxicological testing. When assessing the hazard of metals in soil, Fairbrother et al. [34] proposed the use of two soils with quite different properties to cover the two main groups of metals (cationic and anionic). In comparison to the one artificial soil used so far, this certainly is a step in the right direction, but the number is smaller than that recommended for the fate testing of chemicals (i.e., 3-5) [31, 35] . In any case, on higher tiers of environmental risk assessment, site-specific information is necessary. Therefore, the potential effects of different soils on the behavior of test species as well as on the fate of test chemicals like metals should be investigated before the results of tests with natural soils can be used in a legal context.
Selection of test systems
Concerning the selection of test species, the use of earthworms, collembolans, and plants was done following the current practice of pesticide registration in the European Union [36] , recommendations for the assessment of metals in general [34] or contaminated sites in Germany [37] , as well as the availability of standardized guidelines. However, an extension of the test battery would be useful, such as by adding a predatory invertebrate like the mite Hypoaspis aculeifer (a standard guideline is currently under development [38] ). Future investigations also should consider the use of different microbial communities (native to the respective soils) as well as functional endpoints like OM breakdown [39] . Despite these shortcomings, the species used here represent different trophic levels, taxonomic groups, and exposure pathways; thus, they fulfil the main criteria for an ecotoxicological battery of tests [40, 41] .
Statistical evaluation
Concerning the statistical evaluation of the data, specific recommendations can be given. The MDD of the NOECs using a standard test design indicated that, on average, an effect of 20 to 30% of the test chemical will be necessary for a statistically significant difference. The EC10s are characterized by a high uncertainty; that is, the factor between the minimum and maximum value is 10.9 to 45.7 for the different test systems. Therefore, they should only be used very carefully (if at all). The EC50s are much more robust, because the factor between the minimum and maximum value is only 4.5 to 9.3. Particularly in the collembolan and earthworm tests (CVs, 49 and 38%, respectively), the factor between the minimum and maximum value is small (5.2 and 4.5, respectively).
Test results
It was not the main aim of the present study to assess the effects of the test substance zinc nitrate but to use this compound as a model substance. Because of the different properties of the various metals, such experiments as described here clearly have to be repeated with other metals, preferably with freshly spiked as well as aged test substance, as proposed by McLaughlin et al. [8] . Aging of metals does not always have a strong effect. For example, copper did not affect the EC50 in tests with F. candida [42] , but the toxicity of zinc on the same species decreased after aging [43] . However, in the latter case, a differentiation between aging processes and an increase a NOEC ϭ no-observed-effect concentration; EC10 ϭ 10% effective concentration; EC50 ϭ median effective concentration. See Table 1 for abbreviations and locations of soils. To allow a direct comparison, the literature data, given as mg zinc/kg soil, were recalculated to mg zinc nitrate/kg soil by using a factor of 2.9. These experiences were made when using OECD artificial soil, partly modified in pH (Table 6) . Spurgeon et al. [44] as well as Spurgeon and Hopkin [14] studied the influence of soil pH and OM content in OECD artificial soil on the toxicity of zinc nitrate on the earthworm E. fetida (Table 6 ). The resulting NOECs and EC50s varied only by a factor of approximately two compared to the values determined here. With decreasing pH and OM content, sensitivity clearly was higher (EC50, 412 mg/kg at pH 4.0 and an OM content of 5%). Interestingly, this value is similar to the lowest natural soil value found in the present study (BWZ, 422 mg/kg at pH 3.8 and an OC content of 1.54, corresponding to an OM content of 2.6% using a factor of 1.72 [45] ). At the other end of the spectrum, the EC50 in OECD artificial soil (pH 6.0 and 15% OM content) was determined as 1,717 mg/ kg, a value again quite close to the highest natural soil tested in the present study (SBG, 1,903 mg/kg at pH 5.8 and an OC content corresponding to 5.8% OM content). However, the OECD artificial soil test performed at pH 6.0 and an OM content of 5% by Spurgeon and Hopkin [14] revealed an EC50 of only 394 mg/kg. Therefore, it can be concluded that soil pH and OM certainly influence the toxicity of zinc nitrate to earthworms-but also that more soil properties affecting the test results have to be taken into consideration. The toxicity of zinc and other metals cannot be extrapolated from test results gained in one soil.
In the case of the collembolan tests, the results are in good agreement with the data of Sandifer and Hopkin [46] , independent of whether NOECs or effective concentrations are taken for this comparison. Those authors did not find a clear relationship between soil pH and toxicity. The results presented here indicate, on the other hand, a good correlation between soil pH and EC50s. Almost no information is available regarding the effects of zinc nitrate on plants. In a series of field studies, the effects of zinc nitrate on the yield of several crop species was studied at a site with a silt loam [47] . Sorghum (Sorghum bicolor) was the most sensitive species (NOEC, 290 mg/kg), whereas beans (Phaseolus vulgaris) showed a much lower effect (NOEC, Ͼ1,450 mg/kg). These values are in the same range (Ͻ72-644 mg/kg) as the NOECs determined for the 10 soils used in the present study but with a rapid cycling B. rapa (geometric mean NOEC, 157 mg/kg). This plant is known to be highly sensitive to a wide range of contaminants [48, 49] .
Toxicity and soil properties
In general, pH, OM, and CEC of soils are considered to determine the toxicity and bioaccumulation of metals to soil invertebrates in a way that toxicity is decreasing with increasing pH, OM (or OC) content, and CEC [13] . In the case of zinc, this relationship has been substantiated: For the earthworm E. fetida, pH and OM content are most important when tested in a range of artificial soils with different pH values and OM contents [14] , whereas for the closely related enchytraeid Enchytraeus albidus, pH and CEC are the determining Improving soil tests with earthworms, springtails, plants Environ. Toxicol. Chem. 25, 2006 785 properties [50] . These results are not contradictory, because the parameter CEC incorporates several other properties, such as OM content and metal oxyhydroxides. In other words, depending on the composition of the test soil and the metal, the same CEC can be caused by a differing interaction of these three properties. However, for reasons of simplicity, the use of pH and CEC for the explanation (and prediction) of toxic effects of zinc on oligochaetes is preferred [51] . In the earthworm tests presented here, the correlation between zinc toxicity and soil factors like pH, OC content, and CEC was not significant. This outcome may have been caused by the fact that the range of these properties was quite broad in the tested natural soils compared to artificial soils with different adjusted pH values and OM contents. In the case of collembolans, zinc toxicity in freshly spiked soil is related to OM and clay content [42] . However, this result is backed by tests with artificial soil and a differently treated field soil in which the effect of pH could not be studied. According to Lock and Janssen [51] , a model using, again, pH and CEC also is available to predict the toxicity of zinc to F. candida. Using this model with the data presented here would be helpful for the prediction of zinc toxicity in soils but is beyond the scope of this contribution. However, even without any modeling, a significant positive correlation between decreasing toxicity and increasing pH became visible in the tests. On the other hand, no such correlation could be found between zinc toxicity and CEC or OC content, which needs further investigation.
In general, the same soil properties determine the bioavailability of zinc to plants as to soil invertebrates [52] -that is, mainly pH and OM content as well as clay and hydrous oxide content and redox conditions. A close relationship between pH values and EC50s as found in the collembolan tests could not be identified in the plant tests, showing the high ability of plants to regulate the uptake of this metal (e.g., in the case of Lactuca sativa [53] ). As a general rule, 20 mg/kg dry-weight plant are necessary for normal plant development, whereas symptoms of toxicity start at approximately 200 to 300 mg/ kg dry-weight plant [54] . Unfortunately, these values can hardly be related to actual soil concentrations. In the tests reported here, only weak correlations between toxicity and pH as well as CEC were observed, and none was observed between toxicity and OC content. In fact, such low correlations between total zinc content and zinc uptake in plants (as an indirect measure for effects) were already found in many, but not all, plant toxicity tests with this metal [52] . Probably, the 0.01 M CaCl 2 -extractable metal pool is a much better empirical descriptor for the bioavailability of zinc to plants [53] .
CONCLUSION
The species currently used in standard tests, mainly with OECD artificial soil, cannot be tested in all natural soils, but they react differently to soil properties. The growth of B. rapa (plants) is strongly influenced in different soils, whereas the reproduction of F. candida (Collembola) is affected but remains on a level higher than the validity criterion. Eisenia fetida (earthworms) can be tested in many natural soils but not in those having a very low pH. Therefore, earthworm and plant species specifically adapted to, for example, acidic soils should be identified and standardized.
The test results differ in the different soils. Depending on the endpoint, the factors between minimum and maximum values vary between 4 and 11 for the invertebrates and between 9 and 46 for the plants. Using earthworm or collembolan NOECs or EC50s, the effects determined with the currently used standard soils (mainly OECD artificial soil) certainly do not represent a worst-case scenario (the lowest effect value gained in natural soils is lower by a factor of four). Such a difference cannot be ignored when assessing the risk of a chemical to soil organisms. As expected, a negative relationship exists between sensitivity and robustness of the test results. Plants are most affected by the model chemical zinc nitrate, but they also show the highest CVs. This result may be an inherent property of the respective test organisms, because the growth of plants depends more directly on soil properties than, for example, does the reproduction of collembolans.
When comparing the different endpoints, it could be confirmed that the EC10 is the endpoint with the highest uncertainty, whereas the EC50 is the most reliable. An effect of 10% is far away from the MDD calculated from the hypothesis testing in this investigation (20-30%) . Because the (oftenshown) disadvantages of NOECs also are clear, it is proposed to use the EC50 as a starting point for risk assessment.
Concerning the relationship between soil properties and toxicity, the results reported here show a complex picture: In some cases (e.g., the correlation between increasing pH and decreasing toxicity of zinc to collembolans), expectations derived from literature could be confirmed, but the outcome of other tests (e.g., those with earthworms resulting in nonsignificant correlations between pH, CEC, and OC content) is more difficult to explain.
In case such test results are used in current (European) environmental risk assessment schemes, it is further proposed to use an assessment or safety factor of three or greater to compensate for the higher effect level when using an EC50 in comparison to a NOEC. The outcome of such a division of the EC50 could then be used for toxicity-exposure ratio or predicted environmental concentration/predicted no-effect concentration comparisons. The proposed safety factor of three or greater is directly derived from the data presented here by dividing the geometric mean of the EC50 by the respective value for the NOEC. However, further tests, covering a broader range of soils and other metals, are necessary to verify this factor. In addition, the fact that contaminated soils usually contain more than one metal or other chemicals (i.e., the possibility of synergistic and/or antagonistic effects) has to be taken into consideration when applying the results gained in these laboratory tests. In the long run, it may be more appropriate to use, at least at higher tiers, a small set of natural soils (e.g., the Euro-soils already used in environmental fate tests [31] ) with quite different properties to determine directly the potential effect of different soils. Such tests should take the effect of aging into account.
